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ABSTRACT
Common-envelope (CE) evolution in massive binary systems is thought to be one of the most promising channels for the formation
of compact binary mergers. In the case of merging binary black holes (BBHs), the essential CE phase takes place at a stage when the
first BH is already formed and the companion star expands as a supergiant. We study which BH binaries with supergiant companions
will evolve through and potentially survive a CE phase. To this end, we compute envelope binding energies from detailed massive
stellar models at different evolutionary stages and metallicities. We make multiple physically extreme choices of assumptions that
favor easier CE ejection as well as account for recent advancements in mass transfer stability criteria.
We find that even with the most optimistic assumptions, a successful CE ejection in BH binaries is only possible if the donor is a
massive convective-envelope giant, i.e. a red supergiant (RSG). The same is true for neutron star binaries with massive companions.
In other words, pre-CE progenitors of BBH mergers are BH binaries with RSG companions. We find that due to its influence on the
radial expansion of massive giants, metallicity has an indirect but a very strong effect on the chemical profile, density structure, and
the binding energies of RSG envelopes. Our results suggest that merger rates from population synthesis models could be severely
overestimated, especially at low metallicity. Additionally, the lack of observed RSGs with luminosities above log(L/L) ≈ 5.6−5.8,
corresponding to stars with M & 40 M, puts into question the viability of the CE channel for the formation of the most massive BBH
mergers. Either such RSGs elude detection due to very short lifetimes, or they do not exist and the CE channel can only produce BBH
systems with masses . 50 M. Finally, we discuss an alternative CE scenario, in which a partial envelope ejection is followed by a
phase of possibly long and stable mass transfer.
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1. Introduction
Since the discovery of the first gravitational wave signal from a
binary black hole (BBH) coalescence by the Advanced LIGO
Interferometer in September 2015 (GW150914, Abbott et al.
2016), the LIGO/Virgo Collaboration has reported the detection
of nine further BBH mergers by the end of its second observ-
ing run O2 (Abbott et al. 2019). The third observing run O3
has recently been concluded and a larger number of publicly
issued alerts is an indication that a few tens additional detec-
tions of BBH mergers are on the way. With the growing popu-
lation of BBHs, the discussion on possible formation scenarios
of compact binary mergers is as lively as ever. A large num-
ber of channels have been put forth, especially in the case of
BBHs. These include but are not limited to the formation from
isolated binaries through common envelope (CE) evolution (Bel-
czynski et al. 2016; Eldridge & Stanway 2016; Klencki et al.
2018; Mapelli & Giacobbo 2018; Kruckow et al. 2018) or in
chemically homogeneous evolution regime (Mandel & de Mink
2016; de Mink & Mandel 2016; Marchant et al. 2016), dynami-
cal formation in globular clusters (Rodriguez et al. 2016; Askar
et al. 2017; Samsing 2018), in nuclear clusters (Arca-Sedda &
Gualandris 2018; Fragione & Kocsis 2019), or in disks of ac-
tive galactic nuclei (Antonini & Rasio 2016; Stone et al. 2017;
McKernan et al. 2018), as well as formation channels involving
triple (Antonini et al. 2017) or quadruple stellar systems (Fra-
gione et al. 2019). So far, it has not been possible to distinguish
between various channels based on the gravitational wave infor-
mation alone. In particular, the promising method of distinguish-
ing between dynamical and isolated binary formation based on
the BBH spin-orbit misalignment distribution (Farr et al. 2017;
2018) is hindered by our lack of knowledge of the natal black
hole (BH) spins (Belczynski et al. 2017; Bavera et al. 2019). As
a result, the contribution of various channels to the entire popula-
tion of BBH mergers is usually estimated on theoretical grounds
(Abadie et al. 2010; Barack et al. 2019). The CE evolution chan-
nel is sometimes considered to be especially promising thanks
to its potential to produce a relatively high merger rate of BBHs
compared to other channels, although any rate prediction from
theoretical population models are highly uncertain.
The essential stage in the CE evolution channel is a dynami-
cally unstable phase of mass transfer that leads to a rapid spiral-
in of the companion object inside the shared envelope originating
from the giant donor star (Paczynski 1976; Webbink 1984; Iben
& Livio 1993; Podsiadlowski 2001; Ivanova et al. 2013b). The
drag force is thought to cause a dramatic shrinkage of the bi-
nary separation and the dissipated orbital energy to lead to an
ejection of the CE (under the right circumstances). The huge
range in both timescales and length scales involved in this com-
plex process makes hydrodynamic simulations challenging (eg.
Ricker & Taam 2012; Passy et al. 2012; Nandez & Ivanova 2016;
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MacLeod et al. 2017). As a result, the exact outcome of the
CE phase is difficult to predict. There is, however, a substantial
amount of evidence for significant orbital shrinkage in progen-
itors of various short-period systems such as cataclysmic vari-
ables (e.g. Paczynski 1976; Meyer & Meyer-Hofmeister 1979),
binary white dwarfs (e.g. Han 1998; Nelemans et al. 2000), or
binary neutron stars (e.g. van den Heuvel 1994; Tauris & van
den Heuvel 2006), which cannot be explained without invoking
a mechanism such as the CE phase.
In the case of more massive stars, the progenitors of stellar
BHs (& 20 M), such observational support is more difficult to
find and comes mainly from the population of short-period (<
1 day) X-ray binaries with stellar BH accretors and low-mass
(. 1 M) donors (BH-LMXBs; Casares & Jonker 2014), which
are believed to have formed through CE evolution (Portegies
Zwart et al. 1997; Kalogera 1999). High-mass X-ray binaries
hosting stellar BHs and Wolf-Rayet (WR) companions in short-
period orbits of a few hours up to two days such as Cygnus X-3,
IC10 X-1, and NGC300X-1 may be products of the CE evolution
as well (Lommen et al. 2005; Carpano et al. 2007), although it
is debated whether or not they could originate from stable mass
transfer evolution instead (van den Heuvel et al. 2017). Notably,
such systems could be the immediate progenitors of merging
BBH or BH-neutron star systems (Bulik et al. 2011; Belczyn-
ski et al. 2013). On top of that, hydrodynamic simulations of
the CE phase are particularly challenging in the case of massive
stars (see Ricker et al. 2019; for details) and most of the hitherto
results have been limited to low-mass giants, WD progenitors.
Motivated by the LIGO discoveries of the BBH mergers
GW150914 and GW151226, Kruckow et al. (2016) analyzed
the prospect of successful CE evolution in binaries of stellar
BHs and massive companions (i.e. potential BBH progenitors)
by considering the energy balance between the envelope bind-
ing energy and the available energy sources (van den Heuvel
1976; Webbink 1984; Ivanova et al. 2013b). They concluded that
for the right binary parameters the CE evolution channel may
indeed operate for massive stars in a similar way to low- and
intermediate-mass donors, and that it may produce BBH systems
with individual BH masses of up to 60 M.
Here, we extend the analysis of Kruckow et al. (2016) by
additionally accounting for conditions necessary for the mass
transfer to become dynamically unstable (i.e. for the occurrence
of CE evolution). Such conditions can usually be formulated in
the form of a threshold mass ratio, such that for mass ratios
q = Mdonor/Maccretor above a critical value qcrit the mass trans-
fer becomes unstable, whereas for q < qcrit the CE evolution is
avoided. Importantly, the mass ratio q plays a significant role in
considerations of the CE energy budget: the lower the q (i.e. the
more equal-mass system) the easier the CE ejection (e.g. Fig. 6
of Kruckow et al. 2016). Recent studies of mass transfer stability
from massive giants reveal that the mass transfer remains stable
for a larger parameter space than previously thought, thus avoid-
ing a CE evolution in the majority of cases (Woods & Ivanova
2011; Pavlovskii et al. 2017). It is therefore essential to con-
sider realistic qcrit values when addressing the question of CE
ejectability in BBH progenitors.
In Sec. 2 we describe the ingredients of our model: (a) de-
tailed stellar models of massive giants for six metallicities be-
tween Z = 0.017 and Z = 0.00017, (b) conditions for mass trans-
fer instability and the occurrence of CE evolution, as well as (c)
assumed contribution of various energy sources and sinks to the
overall energy budget of the CE evolution. In Sec. 3 we present
our calculated envelope binding energies, highlighting the sub-
stantial impact of outer convective envelopes. Furthermore, we
compute the parameter space for successful CE ejections and ex-
plore the impact of various assumptions. Finally, we explore the
predicted population of CE survivors in the Hertzprung-Russell
(HR) diagram. We discuss various aspects of our findings in
Sec. 4 and conclude in Sec. 5.
2. The model
2.1. Stellar models of massive giants
We use rotating single stellar models from (Klencki et al. 2020)
computed with the MESA stellar evolution code (Paxton et al.
2011; 2013; 2015; 2018; 2019). The tracks cover a range of
masses from 10 to 80 M and six metallicity values Z = 0.017,
0.0068, 0.0034, 0.0017, 0.00068, and 0.00017 (or, in fractions
of the solar metallicity: 1.0, 0.4, 0.2, 0.1, 0.04, and 0.01 Z),
with the initial rotation rate set to 40% of the critical value
(Ω/Ωcrit = 0.4). We note that for higher initial rotation rates mas-
sive stars of M & 50 M at very low metallicities were shown to
evolve in a chemically-homogeneous way (e.g. Marchant et al.
2017). Notably, the models from Klencki et al. (2020) were com-
puted under a set of assumptions that maximizes the potential
of massive stars to reach the sizes of red-supergiants and to de-
velop deep outer convective envelopes: with no LBV-like mass-
loss above the Humphreys-Davidson limit as well as without pre-
venting the formation of density inversions (see Appendix A in
Klencki et al. 2020). Such an approach allows us to explore the
maximum potential parameter space for binary interactions in
wide binaries and, consequently, the maximum parameter space
for CE evolution. In the case of convective-envelope stars with
MZAMS & 40 M the true parameter space might be significantly
smaller, as discussed in Sec. 4.2. See Klencki et al. (2020) for a
description of other physical ingredients of the models.
2.2. Conditions for mass transfer instability
Donor stars with outer radiative envelopes (the case that domi-
nates the parameter space) respond to mass loss by contraction
on the adiabatic time-scale (Hjellming & Webbink 1987; Sober-
man et al. 1997). In other words, they are characterized by a pos-
itive value of ζad = (∂ logR/∂ log M)ad. In such a case, the mass
transfer can become unstable on the adiabatic timescale only
when the size of the Roche-lobe is shrinking more quickly than
the size of the radiative donor, which is possible if the mass ra-
tio q = Mdonor/Maccretor is higher than some critical value qcrit;rad.
Traditionally, radiative-envelope post-MS giants were assumed
to be described by ζad ≈ 6.5, which corresponds to qcrit ≈ 3.5−4
(Tout et al. 1997; Hurley et al. 2002): a value that is often as-
sumed (eg. Schneider et al. 2015; van den Heuvel et al. 2017;
Vigna-Gómez et al. 2018). Detailed models of mass transfer
from intermediate-mass radiative-envelope donors (∼ 1 to 6 M)
also found stability for mass ratios of up to about 4 (eg. Tau-
ris et al. 2000; Chen & Han 2002; Ivanova & Taam 2004). Ob-
servationally, the well-studied SS433 system, that consists of a
Roche-lobe filling A-type supergiant (∼ 12.3 M) and a stellar
BH (∼ 4.3 M) in a 13.1 day period orbit (Hillwig & Gies 2008),
is a likely case of stable mass transfer evolution that has been
continuing for ∼ 105 yr already (with the likely initial value of
q ≈ 3−4 King et al. 2000; Begelman et al. 2006; van den Heuvel
et al. 2017).
A single value of ζad across the entire mass and radius spec-
trum of post-MS stars is a serious simplification. Ge et al. (2015)
computed adiabatic responses for a large grid of models (donor
masses between 0.1 and 100 M), also taking into account the
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possibility of a delayed dynamical instability (Ge et al. 2010).
The authors found that the value of ζad = 6.5 and the critical
mass ratio qcrit;rad between 3 and 5 could be a good approxima-
tion in the case of stars below 10 M. However, for more massive
post-MS stars they find a higher qcrit;rad of at least 5, and even
qcrit;rad > 10 for R > 300 R (going up to extreme qcrit;rad > 20
for R > 1000 R).
Donor stars with outer convective envelopes, on the other
hand, are expected to respond to mass loss by expanding on the
adiabatic time-scale. This makes the mass transfer from convec-
tive donors much more prone to dynamical instability than from
radiative donors. Many authors have relied on condensed poly-
trope models of Hjellming & Webbink (1987) to obtain the value
of ζad for convective-envelope donors, which typically leads to
critical mass ratios qcrit;conv of about 0.8.
It is important to realize the caveats behind the numbers
cited above. The value of ζad derived in the adiabatic approxi-
mation (eg. Hjellming & Webbink 1987; Tout et al. 1997; Ge
et al. 2015) is valid for predicting the donor behavior only if the
outer envelope thermal timescale is much longer than adiabatic
timescale (i.e. the entropy profile can be considered constant).
This is not necessarily the case for outer envelopes of massive
stars with large radii. Woods & Ivanova (2011) showed that in
the case of convective donors the thermal timescale in the en-
velope’s outermost superadiabatic layer (which forms on top of
the convective zone) can become even smaller than the dynam-
ical timescale. They found that thermal relaxation of such outer
layers can effectively increase the stability of mass transfer (by
up to a factor of ∼ 1.7 in qcrit;conv in the limited number of cases
the authors have investigated).1 In the case of massive radiative
donors, a qualitatively opposite effect of decreased stability is
expected (see Sec. 4.1 of Ge et al. 2015), which is why the val-
ues of qcrit;rad > 10 are most likely overestimated.
The fact that thermal relaxations needs to be taken into ac-
count means that mass transfer stability from massive giants can-
not be reliably predicted without detailed evolutionary calcula-
tions. Some of such results are already available. Using 1-D stel-
lar codes with hydrodynamic terms to probe the rapid donor re-
sponse, both Passy et al. (2012) and Pavlovskii & Ivanova (2015)
found that the initial reaction of convective-envelope stars to
mass loss is a slight contraction, contrary to what the adiabatic
models predict. This increases the stability, in line with the con-
clusions of Woods & Ivanova (2011). Taking overflow through
the outer Langrangian point as instability criteria, Pavlovskii &
Ivanova (2015) obtained revised critical mass ratios for convec-
tive donors qcrit;conv = 1.5 − 2.2, computed for models of up
to 50 M in which the outer convective envelope is well de-
veloped (Mconv & 0.3Mdonor). For donors with less developed
convective envelopes Pavlovskii & Ivanova (2015) obtain stabil-
ity up to the highest mass ratio in their grid, q = 3.5, though
they do not specify the exact Mconv value. In a recent work
focused on intermediate-mass donors (Mdonor between 1 and 8
M) Misra et al. (2020) found stable mass transfer evolution
from convective-envelope donors for mass ratios up to q ∼ 2.
In the case of massive radiative-envelope donors with Mdonor
between 20 and 80 M (or donors with shallow outer convective
envelopes), Pavlovskii et al. (2017) found that the previously ac-
cepted stability criteria should also be revised. By computing
1 Another issue with applying condensed polytropes to compute ζad of
convective donors as in Hjellming & Webbink (1987) is that in massive
stars the superadiabatic layer is large enough to have to be taken into
account and consequently the n = 3/2 polytrope is no longer a valid ap-
proximation of the entropy profile (Woods & Ivanova 2011; Pavlovskii
& Ivanova 2015).
detailed models of mass transfer in binary systems with BH ac-
cretors, they consistently obtained stable mass transfer for mass
ratios as high as 6−8 from Mdonor ≥ 40 M donors.2 This further
supports the trend that qcrit;rad is typically larger for more mas-
sive stars (M > 10 M) than the 3.5 − 4 critical mass ratios for
intermediate mass giants. In an upcoming paper (Klencki et al. in
prep.) with detailed binary models, we obtain stable mass trans-
fer from massive radiative donors for mass ratios up to q ≈ 5.
It is clear that the problem of mass transfer stability from
massive giants is far from being fully understood. In particular,
detailed 1-D mass transfer simulations have to rely on approxi-
mate methods for computing the mass transfer rate through the
L1 nozzle (eg. Kolb & Ritter 1990). One obstacle going forward
is that long-term 3-D mass transfer simulations (i.e. not just the
initial donor response) are unlikely to be possible in the near
future. At the same time, however, there is a growing number
of results indicating that mass transfer from massive radiative-
envelope donors might be stable for mass ratios at least as high
as ∼ 5.
2.3. Energy budget criterion for a successful CE ejection
We estimate the fate of the CE phase based on the energy for-
malism (van den Heuvel 1976; Webbink 1984; Livio & Soker
1988, see also a general review on CE by Ivanova et al. 2013b),
in which the difference in orbital energies between the initial and
the final state, ∆Eorb, multiplied by an efficiency parameter αCE
is equated to the energy needed to unbind the envelope Ebind:
Ebind ≈ αCE∆Eorb. We extend this energy budget by including an
additional term of energy feedback from accretion of matter by
the spiraling in BH: ∆Eacc. The full equation takes the following
form.
Ebind = ∆Eacc + αCE∆Eorb
= ∆Eacc + αCE
(
− GMdonorMBH
2ai
+
GMcoreMBH
2af
)
(1)
Here, Mdonor is mass of the giant donor that initiates the CE
phase, Mcore is the mass of its core that becomes the remnant
after a successful envelope ejection, MBH is the mass of the BH
accretor, ai and af is the separation at the onset and at the end of
the CE phase, respectively. The αCE parameter accounts for the
fact that not all the orbital energy can be deposited into the enve-
lope without any losses and as such takes a value between 0 and
1. Notably, αCE = 1.0 is quite extreme as it assumes no energy
loss in any form from the system. For comparison, in their 3-D
hydrodynamic simulations of the dynamical phase of CE evo-
lution from low-mass giants (typically spanning several years)
Nandez et al. (2015); Nandez & Ivanova (2016) found that usu-
ally about 30%−40% of the orbital energy leaves the system as
residual (mainly kinetic) energy of the unbound ejecta. In 1-D
synthetic models of the potential longer-lasting (10−1000 years)
self-regulated phase, during which most of the input heat is ra-
diated away, Clayton et al. (2017) found αCE values in the range
0.046−0.25.
Following Voss & Tauris (2003) and Kruckow et al. (2016),
we estimate the energy feedback from accretion as the Eddington
luminosity of the BH (L˙Edd) multiplied by the CE duration τCE:
∆Eacc = L˙EddτCE ≈ 1.6 × 1048erg
(
MBH
M
) (
τCE
1000yr
)
(2)
2 In the case of Mdonor < 40 M, Pavlovskii et al. (2017) only tested
mass ratios up to 4.
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We discuss this approach in view of hydrodynamic models of
accretion during CE in Sec. 4.1.
To compute the energy needed to unbind the envelope Ebind
we take three terms into account: the energy needed to overcome
the gravitational potential of the envelope −Egrav, lowered by the
thermal energy stored in the envelope Uth (kinetic energy of par-
ticles and the energy stored in radiation, Han et al. 1994) as well
as the recombination energy Erec available if all the ions recom-
bine into atoms and atoms associate into molecules (the latter is
mostly relevant for H2, Ivanova et al. 2015). Therefore, Ebind is
calculated as:
Ebind = −Egrav − Uth − Erec
= −
∫ sur f ace
core
(
− GM(r)
r
+ u
)
dm
(3)
where u is the internal energy (both thermal and recombination
energy) per unit mass. In MESA the value of u in each layer is
taken from the tabulated equation of state (Sec. 4.2 of Paxton
et al. 2011). We note that it might be more physically accurate to
treat the energy from recombination as a separate energy source
rather then to include it into the envelope binding energy because
this energy is not available immediately, and its release must be
triggered at a later stage of the CE phase (Ivanova et al. 2015).
It is also not clear how much of this energy can in practice be
used to help eject the envelope (Nandez et al. 2015). However,
similarly to Wang et al. (2016), we opt to include Erec in Ebind
so that the binding energy computed this way combines all the
terms derived from the structure of the giant donor. We note that
the contribution of the recombination energy to the total internal
energy of massive giant envelopes is relatively small (< 10%,
see Kruckow et al. 2016).
An important choice that has to be made when computing
Ebind is a choice of the boundary between the core (which will
become the remnant of the giant donor) and the ejected envelope,
the so called bifurcation point. Tauris & Dewi (2001) showed
that because most of the binding energy is located in deep en-
velope layers close to the helium core, the exact choice of the
bifurcation point location can have a substantial impact on the
calculated binding energy. A number of criteria for the core-
envelope boundary during the CE ejection have been proposed in
the literature (see Sect. 4 of Ivanova et al. 2013b). In particular,
Ivanova (2011b) suggested that the location of the bifurcation
point can be associated with the point of maximum compression
Mcp within the H-burning shell, i.e. where the value of P/ρ has a
local maximum. They argued that for masses M > Mcp the rem-
nant would re-expand on a thermal timescale after the CE ejec-
tion or possibly still during the CE phase itself, either causing an-
other phase of mass transfer or prolonging the CE evolution, ul-
timately leaving behind a remnant with M ≈ Mcp. Kruckow et al.
(2016) found that in most giants the location of the maximum-
compression point can be approximated by the mass coordinate
where XH = 0.1 and used that as their criterion for the bifur-
cation point. Here we follow their approach. See Sect. 4.6 for a
further discussion.
Having computed Ebind from stellar models and assumed the
value for αCE, we can use Eqn. 1 to calculate the post-CE sep-
aration af of a given BH binary. A successful CE ejection takes
place if the remnant core of the giant donor is smaller then its
Roche lobe in the post-CE binary. We estimate the size of the
remnant to be equal to the outer radial coordinate of the core in
the pre-CE model of the giant donor multiplied by a factor of
2 as guided by Ivanova (2011b) to account for the fact that the
compressed core expands in radius during the CE phase itself.
Finally, for practical purposes, the envelope binding energy
is often written as (de Kool 1990):
Ebind =
GMdonorMenv
λCERdonor
(4)
where Rdonor is the radius of the giant donor, Menv is the mass of
its envelope (Menv = Mdonor −Mcore), and λCE is a parameter that
depends on the detailed envelope structure. In Appendix A we
provide fits to λCE values computed in this work, with applica-
tion to population synthesis.
2.4. Model summary: the ’optimistic’ choice of assumptions
Our goal is to find to what extend can BH binaries with mas-
sive stellar companions evolve through and survive a CE phase.
Therefore, whenever possible, we make choices of assumptions
that would facilitate an easier CE ejection. For clarity, these
choices are summarized below (see Sec. 2.2 and Sec. 2.3 for
details). We refer to Sec. 4.1 for a discussion of different as-
sumptions and other caveats of the method.
– For a binary with a giant donor of a given mass and a BH
accretor that undergoes a CE evolution, the final separation
will be larger (and therefore the CE survival more likely) for
larger BH masses, as can be deduced from Eqn. 3. Therefore,
we assume optimistically low values for the critical (mini-
mum) mass ratios qcrit = Mdonor/MBH that are required for
the CE evolution to occur: qcrit;conv = 1.5 for convective-
envelope donors and qcrit;rad = 3.5 for radiative-envelope
donors. Additionally, we classify a giant star as convective
already when 10% of the mass of its envelope is in the outer
convective zone.
– We compute envelope binding energies Ebind under assump-
tions that all the internal energy as well as the entire energy
released during recombination can be used to help unbind
the envelope (Eq. 3).
– We assume that orbital energy from the binary orbit shrink-
ing within the CE can be transferred to the envelope without
any losses, i.e. αCE = 1.0 in Eqn. 1.
– We assume that the envelope acceleration is perfectly fine-
tunned to reach exactly the local escape velocity, i.e. there is
no term for residual kinetic energy at infinity in Eqn. 1.
– We include energy feedback from accretion ∆Eacc = LEddτCE
and assume a relatively long duration of the CE phase τCE =
1000 yr (Ivanova et al. 2013b).
3. Results
3.1. The envelope binding energy – impact of the outer
convective layer
In Figure 1 we plot the envelope binding energy Ebind of mas-
sive giants (i.e. the post-MS part of the evolution) of several
chosen masses at each of the six studied metallicities. Colors in
Fig. 1 indicate what fraction fconv of the envelope mass is in the
outer convective zone i.e. fconv = Menv;conv/Menv. In particular,
fconv = 0.0 indicates a giant with a radiative outer envelope. The
binding energies were computed from stellar models described
in Sect. 2.1 under an assumption that all of the thermal energy
as well as the recombination energy can be used to help eject the
envelope during a CE phase (see Sect. 2.3 for details).
Diamonds in Fig. 1 mark the onset of core-helium burning,
meaning that all the previous evolution is the Hertzprung-Gap
Article number, page 4 of 22
Klencki et al.: Supergiant progenitors of binary black hole mergers from common-envelope evolution
Fig. 1: Envelope binding energies Ebind of massive giants (i.e. the post-MS part of the evolution) as a function of their radius for six
different metallicities (selected models from Klencki et al. 2020). See Fig. B.1 for a figure including all the masses in the grid. Ebind
combines the gravitational potential energy as well as the internal energy (including the recombination terms), see Eqn. 3. Only
post-MS evolution is shown. Colors indicate what fraction of the envelope mass is in the outer convective zone (i.e. Menv;conv/Menv).
Diamonds (same coloring) and white crosses mark the onset and end of core-helium burning, respectively. Part of the evolution
when the radius is increasing beyond the previously largest radius that has been reached, i.e. the part relevant for RLOF and mass
transfer, is shaded in black. Development of a deep outer convective envelope layer can reach to a very significant decrease of the
binding energy, unless the giant is a HG star (i.e. before the core-helium ignition), see Sec. 3.4 for details.
(HG) phase. White crosses correspond to the central helium de-
pletion (YC < 10−3). At solar metallicity (the top left panel),
most of the radial expansion of a giant happens already during
the HG phase for all the masses considered here. As the metallic-
ity decreases, more and more massive stars stay relatively com-
pact during their HG evolution and most of the expansion in their
case takes place during core-helium burning. Massive models at
the lowest metallicity in our grid (Z = 0.01 Z, the lower right
panel) stay compact for even longer and expand significant only
after the central helium depletion. This is a well known rela-
tion between metallicity and the degree of post-MS expansion of
massive giants that is discussed in much detail in Klencki et al.
(2020). We note that some of the most massive models in Fig. 1
for metallicities Z ≥ 0.1 Z were not evolved all the way until
the central helium depletion but only to the point when strong
stellar winds started to significantly shed the giant’s envelope,
causing it to decrease in radius and begin a blue-ward evolution
in the HR diagram towards the WR stage.
The overall behavior of Ebind as a function of radius in Fig. 1
is similar to what was found in previous studies (Dewi & Tauris
2000; Podsiadlowski et al. 2003; Loveridge et al. 2011; Wang
et al. 2016). Notably, some of the models reveal a significant de-
crease in the envelope binding energy when approaching their
largest radii, in some cases by more than an order of magnitude.
The sudden drop in Ebind coincides with the point when the outer
envelope of the giant becomes convective. This is because the en-
tire outer convective zone of an envelope is located at relatively
large radial coordinates and, as a result, its density is small and
it is very loosely bound to the star (see Fig. 2 of Podsiadlowski
2001).
However, development of a deep outer convective layer does
not always lead to a significant decrease of the binding energy.
The most massive giants at metallicities Z = 1.0 Z, 0.4 Z,
0.2 Z, and 0.1 Z in Fig. 1 expand enough to become convec-
tive (up to fconv ≈ 0.6), yet their Ebind hardly decreases as a result
of that. Those are the models in which the outer layers become
convective already during the HG phase, i.e. before the onset of
core-helium burning, as indicated by the diamonds in Fig. 1. As
a result, because of its impact on the radial expansion of massive
giants, metallicity has an indirect but very strong effect on the
binding energy of a convective-envelope giant. The reason why
in HG giants the binding energy does not significantly decrease
when the envelope becomes convective requires a detailed ex-
planation, see Sec. 3.4.
3.2. CE ejectability in progenitors of BBH mergers
Here we study the possibility of ejecting envelopes with Ebind
computed in the previous section during the CE evolution (i.e.
the CE ejectability) in binaries with stellar BH companions, po-
tential progenitors of BBH mergers. Our goal is to find the max-
imum parameter space in which the CE ejection is feasible ac-
cording to energy budget considerations introduced in detail in
Sec. 2.3. To this end, we make a number of optimistic assump-
tions summarized in Sec. 2.4, each of them making CE ejection
easier.
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Fig. 2: CE ejectability in binaries with massive giant donor stars and BH companions. For each evolutionary track of a massive
giant with MZAMS between 10 and 80 M, we compute what would be the outcome of a CE phase initiated by that star at any given
point during its post-MS evolution in a circular binary with a BH companion with mass MBH = Mdonor/qcrit (see text for detailed
assumptions). The resulting ratio of the size of the remnant core of the CE donor Rremnant and the size of its Roche lobe RRL;post−CE
is color-coded in the figure as a function of MZAMS and the radius of the giant at the onset of the CE phase. Radii above the white
diamonds (crosses) indicate giants that are past the onset (end) of core-helium burning in their evolution. Hatched region marks the
parameter space where the giant donor has an outer convective envelope with fconv = Mconv/Menv ≥ 0.1. Dotted region marks the
parameter space were the CE ejection is possible (i.e. Rremnant/RRL;post−CE < 1.0).
For each evolutionary track of a massive giant analyzed in
this work, we compute what would be the outcome separation
of a CE phase initiated by that star at any given point during its
post-MS evolution assuming a circular binary in which the com-
panion is a BH with mass MBH = Mdonor/qcrit (note that Mdonor <
MZAMS due to wind mass loss). Survival of the CE evolution is
then determined based on the size of the remnant core of the CE
donor Rremnant compared to the size of its Roche lobe in the post-
CE binary RRL;post−CE: values Rremnant/RRL;post−CE > 1 indicate a
merger during the CE phase, whereas Rremnant/RRL;post−CE ≤ 1
indicates a successful CE ejection.
The result is showed in Fig. 2 where, as a function of MZAMS
and the radius of the giant at the onset of the CE phase, we color-
code what would be the resulting ratio Rremnant/RRL;post−CE in a
post-CE binary. Note that at solar metallicity (top left panel) stars
above 60 M do not expand in their post-MS evolution due to
strong mass-loss in winds, hence they do not show in Fig. 2.
The most striking finding is that the parameter space for suc-
cessful CE ejections (marked as the dotted area) is almost ex-
clusively limited to cases in which the CE evolution is initiated
by a giant donor with an outer convective envelope (marked as
the hatched area). The only exception are some of the radiative-
envelope donors with MZAMS . 40 M at Z = 0.04 Z and
MZAMS . 60 M at Z = 0.01 Z. This is the result of convective-
envelope giants having smaller envelope binding energies com-
pared to radiative-envelope stars (see Fig. 1 and the associated
text), combined with the fact that qcrit;conv < qcrit;rad, i.e. the
BH accretors can be more massive in CE events initiated by
convective-envelope donors.
One can also notice in Fig. 2, that among the potential CE
survivors the Rremnant/RRL;post−CE ratio is either only slightly
smaller than 1.0 (yellow to orange colors) or significantly
smaller than 1.0 (dark red colors). Generally, the first group
corresponds to convective giants that are still at the HG phase
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(below diamonds in Fig. 2) and their Ebind did not decrease as
significantly with the increasing convective-envelope mass frac-
tion fconv (even for fconv & 0.6), as also seen in Fig. 1. Given
a number of optimistic assumptions in our model, it is uncer-
tain whether models from the first group, with the relatively high
binding energies, can survive the CE phase (see also Fig. 5 be-
low). The second group are cases in which the CE evolution is
initiated by a much more evolved star, with a helium-depleted
core (above the crosses in Fig. 2) and a deep outer-convective en-
velope fconv > 0.5. The envelopes of such giants are very loosely
bound (see Sec. 3.1) and not much orbital shrinkage is needed to
provide energy for their ejection. As a result, the energy budget
method predicts Rremnant/RRL;post−CE ratios that are below 0.1. In
reality, it seems unlikely for the donor’s remnant to fill such a
small fraction of its Roche lobe in the post-CE system because
in that case the companion would never be anywhere near the
bottom layers of the donor’s envelope, thus being unable to help
in their ejection. As such, very small Rremnant/RRL;post−CE ratios
in Fig. 2 should rather be interpreted as cases in which the CE
ejection can be easily achieved in terms of the energy budget,
not as a reliable prediction of the post-CE binary separation.
The above distinction between the two types of convective-
envelope donors also shows that the evolutionary stage of the
donor can have a significant impact on the outcome of the CE
phase. We illustrate the differences between envelope structures
of giants that become convective during the rapid HG expansion
and those that reach the convective-envelope stage later during
their evolution in Sec. 3.4. Notably, whether a star becomes con-
vective during the HG expansion or only later during its evolu-
tion is an uncertain outcome of detailed stellar models but its
relation to metallicity appears robust (e.g. Schootemeijer et al.
2019; Klencki et al. 2020).
Even though BH binaries are the main focus of this study, we
also consider CE ejectability in systems in which the accretor is
a NS with MNS = 2 M (with all the other assumptions being the
same). The result is plotted in Fig. B.2 in the Appendix. Because
of the lower accretor mass, the parameter space for CE ejection
in NS binaries is smaller than in the case of BH binaries.
In Fig.3, similar to Fig. 6 of Kruckow et al. (2016), we ex-
plore how several variations in the assumptions of the default
model would affect the separation of the post-CE binary apost−CE
and the CE ejectability. We examine the case of a giant CE
donor with MZAMS = 55 M at Z = 0.2 Z metallicity, showing
apost−CE as a function of its radius at the moment of Roche-lobe
overflow (RLOF). The default ’optimistic’ model is plotted in
blue as model (a), see Sec. 2.4 for the summary of its assump-
tions. Cases when apost−CE is greater then the minimum separa-
tion required to avoid a merger (marked as a black dashed line)
is the parameter space for CE ejectability. Note that it is limited
to convective-envelope donor cases ( fconv > 0.1).
In green we plot a model (b), which is different from the
default model by not including the ∆Eacc term in Eqn. 1. It cor-
responds to a situation when the energetic feedback from accre-
tion is significantly smaller then the Eddington luminosity or if
the duration of the CE phase is much shorter then the assumed
1000 yr. Excluding Eacc from the energy budget affects the post-
CE separation by less than a factor of two for the 55 M donor in
Fig. 3. The effect is larger for lower mass stars, see for example
a 30 M donor case in Fig. 4.
Instead of relating the change in orbital energy ∆Eorb to the
envelope binding energy Ebind via the αCE parameter, one can
relate ∆Eorb to just the gravitational potential component of the
binding energy: ∆Egrav/∆Eorb = αgrav. In one-dimensional hy-
drodynamic simulations of a CE in-spiral inside the envelope of
Fig. 3: Exploring the CE ejectability for a BH binary with a
M = 55 M giant donor at Z = 0.2 Z metallicity as a func-
tion of the giant’s radius at the onset of a CE phase. See text for
the explanation of different models (a)-(e). Cases when the post-
CE separation apost−CE is greater then the minimum separation
required to avoid a merger (marked as a black dashed line for
models (a)-(d) and a dashed purple line for model (e)) survive
the CE phase.
Fig. 4: Same as Fig. 3 but for a 30 M model at 0.2 Z metal-
licity. For the donor radii R & 1400 R the outer envelope be-
comes deeply convective during a core-helium burning stage,
which causes a significant decrease in the binding energy of the
model (Fig. 1) and an increase in the post-CE separation apost−CE.
a 12 M red supergiant, Fragos et al. (2019) find αgrav ≈ 2.7.
Three-dimensional models of the CE phase from low-mass gi-
ants by Passy et al. (2012) and Ohlmann et al. (2016) find sim-
ilar values of αgrav ≈ 2.0 and ≈ 2.5, respectively. Model (c) in
Fig. 3 (in red) assumes αgrav = 2.5 and is in fact very similar to
the same model but with αCE = 1.0 (in green). This can be ex-
pected based on the typical ratio of thermal internal energy Uth
and the gravitational potential energy Egrav in a giant’s envelope,
see section 3.2 in Fragos et al. (2019).
Importantly, the assumption of αCE = 1.0 does not only im-
ply a perfect energy transfer (eg. no radiative losses), but also a
perfect fine-tuning when the ejected envelope becomes acceler-
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Fig. 5: Same as Fig. 2 but assuming a more realistic energy budget and the mass transfer stability criteria: αCE = 0.7 instead of
αCE = 1.0 and a smooth transition of qcrit from qcrit = 4.0 for radiative donors with Mconv/Mstar ≤ 0.01 up to qcrit = 1.8 for
convective-envelope giants with Mconv/Mstar ≥ 0.3 as a linear function of Mconv/Mstar. Note that fconv = Mconv/Menv, and fconv > 0.1
region is hatched in the figure.
ated to gain precisely the local escape velocity. In reality, this is
unlikely to be the case. Nandez et al. (2015); Nandez & Ivanova
(2016) carried out three dimensional hydrodynamic simulations
of CE events with low-mass giants and found that typically about
30%−40% of the orbital energy leaves the system as residual
(mainly kinetic) energy of the unbound ejecta. This corresponds
to the model (d) in Fig. 3, with αCE = 0.7. Note that in this model
only half of the convective-envelope donor cases survive the CE
inspiral.
Finally, in model (e) plotted in purple we also apply a smooth
transition of the critical mass ratio from qcrit = 4.0 for radiative
donors with Mconv/Mstar ≤ 0.01 up to qcrit = 1.8 for convective-
envelope giants with Mconv/Mstar ≥ 0.3 as a linear function of
Mconv/Mstar. This makes it consistent with Pavlovskii & Ivanova
(2015), who find qcrit;conv between 1.5 and 2.2 for giants with
deep convective envelopes of Mconv/Mstar ≥ 0.3 and qcrit > 3.5
for less convective giants. Our default classification criteria for
convective-envelope donors ( fconv = Mconv/Menv ≥ 0.1) also in-
cludes the in-between cases of mostly radiative-envelope donors
with relatively shallow convective envelopes, for which the mass
transfer is more stable than for giants with deep convective en-
velopes. The CE ejection in model (e) is only possible in a small
number of cases when the 55 M giant is close to its maximum
size and its outer convective envelope is the most extended.
In Fig. 4 we plot the same model variations as in Fig.3 but for
a lower mass 30 M giant (also at Z = 0.2 Z metallicity). The
main difference is that the 30 M model reaches a stage with a
deeply convective envelope at late stages of core-helium burning,
which leads to a significant decrease of its binding energy for
R & 1400 R (see Fig. 1). In fact, at those stages the envelope
is so loosely bound that the accretion term ∆Eacc alone is larger
than Ebind. Fig. 4 illustrates that in models with loosely bound
deep convective envelopes the estimated post-CE separation is
often significantly larger then the CE-merger limit. In those cases
(appearing in dark red in Fig. 2) the CE ejectability does not
significantly depend on the particular choice of assumptions for
the energy budget.
Models (b)-(e) in Fig. 3 show that our reference model (a)
yields a reasonable but very optimistic result in terms of CE
ejectability showed in Fig. 2. For comparison, in Fig. 5 we make
less optimistic but likely more realistic assumptions of αCE = 0.7
and a smooth linear transition of qcrit between radiative and con-
vective envelope donors as in model (e) above. The result is a
significantly reduced parameter space for CE survival, mostly
limited to the cases of loosely bound convective envelopes in
core-helium burning or more evolved giants.
3.3. It has to be cool: tight link between the CE donors and
red supergiants
In the previous section we showed that unstable mass transfer
evolution followed by a CE phase and a successful CE ejection
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Fig. 6: HR diagram for the SMC-like metallicity in which the green area marks the position of donor stars at the onset of RLOF
for which a CE evolution with a successful CE ejection in BH binaries is possible. A smaller violet area marks the subset of donors
for which CE ejection is also possible in the case of NS accretors (MNS = 2 M). A definitive association of donors to successful
CE evolution events with cool (red) supergiants ( log(Teff/K) . 3.7) is clear. Two sets of selected stellar tracks are plotted: models
from Klencki et al. (2020), which are the main focus of this paper, as well as models from (Georgy et al. 2013) computed with
the GENEVA code. Physical parameters of RSGs observed in the SMC are taken from Levesque et al. (2006) and Davies et al.
(2018). The black dashed line marks the empirical Humphreys-Davidson (H-D) limit, beyond which almost no stars in the Milky
Way or in the LMC are observed (Humphreys & Davidson 1979; 1994; Ulmer & Fitzpatrick 1998). The light-blue line shown the
threshold effective temperature below which at least 10% of the mass of models from Klencki et al. (2020) is in the outer-convective
envelope. Colored stars mark the inferred physical parameters of three different massive star progenitors of LRNs (Smith et al. 2016;
Blagorodnova et al. 2017; Mauerhan et al. 2018). The yellow diamond shows the RSG donor in a pulsating ULX source NGC 300
ULX-1 (Heida et al. 2019b).
in BH/NS binaries is only energetically feasible (even under op-
timistic assumptions) if the donor star is a massive supergiant
with an outer convective envelope, see Fig. 2 and Fig. B.2. Ob-
servationally, such stars appear as red supergiants (RGSs) with
effective temperatures of about log(Teff/K) . 3.7 (depending on
the exact position of the Hayashi line at a given metallicity).
We illustrate this in an HR diagram for the SMC-like metal-
licity in Fig. 6, in which the estimated region of CE ejectability
is marked in green (this corresponds to the dotted area in the top-
right panel of Fig. 2). The part of that parameter space marked
in violet are cases in which the CE ejection is also possible with
NS accretors.
For comparison, we mark the positions of known RSGs in
the SMC from the samples of Davies et al. (2018; with effective
temperatures based on spectral-energy density fits) and Levesque
et al. (2006; with effective temperatures from atmospheric model
fits).
For reference, the light-blue line around log(Teff/K) ≈ 3.65
marks the threshold temperature Teff;th below which at least 10%
of the mass of the star is in the outer-convective envelope (from
Sec. 3.4 of Klencki et al. 2020). The fact that many of the RSGs
in the sample collected by Davies et al. (2018) are hotter than
Teff;th
and fall outside of the predicted temperature range of RSGs
in the green area in Fig. 6 is a likely indication that the value
of the mixing-length parameter αML = 1.5 in the models from
Klencki et al. (2020) is somewhat too small.3
The brightest RSG in the SMC has a luminosity of
log(L/L) = 5.55 ± 0.1 (Davies et al. 2018). A similar empirical
upper luminosity limit for RSGs of log(L/L)RSG;max ≈ 5.6−5.8
has been found also for other local galaxies of different types
and compositions: the Milky Way (Z = 0.02 Levesque et al.
2006), M31 (Z = 0.04 Neugent et al. 2020), the Large Mag-
ellanic Cloud (Z = 0.007 Davies et al. 2018), as well as sev-
eral dwarf irregular galaxies ([Fe/H] between −1.0 and −0.4,
Britavskiy et al. 2019). It is marked in Fig. 6 at an approximate
luminosity log(L/L)RSG;max = 5.7, which corresponds to stars
3 Mixing length of around 2 would probably result in a better agree-
ment with the observed RSG samples (Chun et al. 2018).
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with initial masses MZAMS ≈ 40 M. The existence of the em-
pirical upper luminosity limit log(L/L)RSG;max could be an in-
dication that more massive stars never expand to reach the RSG
stage during their evolution, for instance due to extensive mass
loss at the uncertain luminous blue variable stage. In view of our
findings, this would likely prevent donors with MZAMS & 40 M
from forming BBH mergers in the CE evolution channel.
Lack of RSGs above a certain luminosity limit has been pur-
posefully recovered in various stellar tracks of massive stars.
As an example, in Fig. 6 we plot several rotating stellar tracks
computed with the GENEVA code for Z = 0.002 (Georgy et al.
2013). For reference, we also show a few corresponding tracks
from (Klencki et al. 2020) that were used to compute envelope
binding energies in this work.4 The lack of most luminous RSGs
in the GENEVA tracks is most likely a result of increasing mass-
loss rates in stars with super-Eddington layers (Ekström et al.
2012) as well as of suppressing density inversions in radiation-
dominated stars by using a mixing length taken on the density
rather than on the pressure scale height (App. A of Klencki et al.
2020). We discuss the empirical log(L/L)RSG;max limit in the
context of CE evolution and the formation of BBH mergers in
Sec. 4.2.
It is worth noting that CE evolution in a binary with a BH/NS
accretor is preceded by a phase of essentially stable mass trans-
fer that takes place between the moment of RLOF and the onset
of the CE phase. During this stage the mass transfer rate gradu-
ally increases at a rate which is primarily dictated by the thermal
timescale of the donor’s envelope (also in the case of convective-
envelope donors, see Woods & Ivanova 2011; Pavlovskii &
Ivanova 2015). In the case of massive donors, this indicates a
duration of the order of ∼ 104 yr, and a loss of even ∼ 30%
mass from the donor’s envelope (Ivanova, private communica-
tion).5 Observationally, a system at this stage would likely ap-
pear as a bright X-ray binary: an ultra-luminous X-ray source
(ULX). In the case of potential CE survivors among BH and
NS binaries this corresponds to ULXs with RSG donor stars.
Several such systems with donor stars spectroscopically con-
firmed to be RSGs are known to date (Heida et al. 2015; 2016;
Lau et al. 2019; Heida et al. 2019a). In the case of one of the
sources, a pulsating ULX dubbed NGC 300 ULX-1, Heida et al.
(2019a) were able to model the spectrum of the optical counter-
part as a sum of three components: a blue excess (likely due to
X-ray irradiation), a red excess (likely due to dust), and a stel-
lar atmosphere model of an RSG with Teff = 3650 - 3900 K and
log(L/L) = 4.25 ± 0.1 (marked in Fig. 6). López et al. (2020)
completed a systematic search for near-infrared candidate coun-
terparts to nearby ULXs and concluded that ULXs with RSG
donors constitute about ∼ 4% of the observed ULX population,
which is about four times more than predicted by population syn-
thesis models (Wiktorowicz et al. 2017). One reason for this dis-
crepancy could be that rapid binary evolution codes assume that
the moment of RLOF is also the onset of CE evolution, without
modelling the intermediate mass transfer phase.
Observational signature of the CE phase itself are luminous
red-novae (LRN), red transients characterized by a rapid rise
in luminosity followed by a lengthy plateau (Soker & Tylenda
4 The fact that GENEVA models are hotter and more luminous during
the MS is most likely a result of a higher efficiency of rotational mixing
in GENEVA models compared to models computed by Klencki et al.
(2020).
5 An exception are systems that become unstable on a shorter timescale
due to Darwin instability (Darwin 1879; Eggleton & Kiseleva-Eggleton
2001), which could predominantly occur in extreme mass ratio cases
(q & 10 Rasio 1995).
2003; Kulkarni et al. 2007; Tylenda et al. 2011; Ivanova et al.
2013a). In several cases, archival multiband observations from
before the LRN have revealed the progenitors to be consistent
with massive giants: notably a ∼ 18 M progenitor to M101-OT
(Blagorodnova et al. 2017) and a ∼ 60 M progenitor to SNHunt
248 (Mauerhan et al. 2018), as well as a putative single-band de-
tection of an LBV-like progenitor to NGC 4490-OT (Smith et al.
2016). In none of these cases was the progenitor consistent with
a RSG, see Fig. 6. According to our findings, this might be an
indication that these CE events finished in mergers, although our
results may not be directly applicable to CE cases with stellar
accretors.
3.4. A detailed look at the structure and the binding energy
of convective-envelope giants
In Sec. 3.1 we found that the envelope of a massive giant can
become significantly less bound when it transitions from a ra-
diative to a convective state, with Ebind decreasing by an order
of magnitude or more. An exception to this rule are giants that
become convective already during the HG phase, for which the
decrease in the binding energy is much less significant. In this
section we explain the origin of this behavior.
In Fig. 7 we illustrate this transition for a model with
MZAMS = 47.5 M and Z = 0.1 Z, which develops a deep outer
convective envelope during late stages of core-helium burning
and is an example of a model for which the associated decrease
in Ebind is very significant. Panel 7a shows the Kippenhahn di-
agram of the model (excluding the initial part of the MS when
XH;C > 0.55) with stellar radius plotted in red. In panel 7b, one
can see that the binding energy Ebind slowly decreases during the
core-helium burning phase and then decreases very strongly as
the envelope becomes deeply convective (and fconv increases).
In the next three panels, we take a closer look at the internal
structure of the star at several selected moments during its evo-
lution. Panel 7c shows the internal mass-radius profiles, with the
outer convective zone being marked in thicker lines. The bifurca-
tion point of each profile, i.e. the point that divides between the
ejected envelope and the remaining core in a CE event, is marked
with a solid vertical line located at XH = 0.1. With time (i.e. pro-
file colors changing from blue to red) the inner part of the star
contracts as a result of continuous burning in the core. On the
other hand, as the envelope becomes more and more convective,
the outer layers in the star move to larger radial coordinates. The
point in between the contracting and the expanding layers of the
star, located at the mass coordinate of about ∼ 23 M in panel 7c,
is an important divergence point. The helium abundance profiles
in panel 7d reveals that the divergence point coincides with a
steep composition jump at the boundary between the helium core
(where XHe ≈ 1 in the helium shell) and the H-rich envelope. Im-
portantly, it also closely coincides with the assumed location of
the bifurcation point, marked with dashed vertical lines. In other
words, the part of the giant above the bifurcation point, which
would need to be ejected in a successful CE phase, is also the
part that expands to larger radii coordinates as the outer enve-
lope becomes more and more convective. As a result, the entire
envelope becomes less gravitationally bound (see panel 7e) and
Ebind steeply decreases when fconv increases.
As signaled before, giants which expand to develop a deep
outer convective envelope already during the HG phase do not
see their envelope binding energies decrease in a significant way
as a result of that. In Fig. 8 we illustrate an example of such a
case, a model with MZAMS = 47.5 M and Z = 0.4 Z. In panels
a-e we plot the same quantities as in the corresponding panels in
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Fig. 7: Detailed look at the evolution of a MZAMS = 47.5 M
model at Z = 0.1 Z metallicity. The upper panel 7a shows
the Kippenhahn diagram with stellar radius over-plotted in red.
Panel 7b shows time evolution of the binding energy Ebind and
its components: Egrav and Eint = Uth + Erec (see Eqn. 3) together
with the convective envelope mass fraction fconv. In panels 7c,
7d, and 7e we take a look at several internal profiles of the model,
the position of which are marked in panels 7a and 7b with dashed
vertical lines in corresponding colors. The outer convective zone
is marked in bold in panel 7c. Solid vertical lines in panels 7c,
7d, and 7e mark the bifurcation points for the CE evolution (at
XH = 0.1).
Fig. 8: Similar to Fig. 7 but for a model with MZAMS = 47.5 M
at Z = 0.4 Z metallicity. The two upper panels 8a and 8b are
centered on the evolutionary phase during which the radius sub-
stantially increases, which is mainly the phase of rapid HG ex-
pansion. The different structural response of the envelope to the
outer convective zone (panel 8c), associated with differences in
the abundance profile (panel 8d), lead to a much smaller impact
of the increasing fconv on the envelope binding energy Ebind (see
text for details).
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Fig. 7. Note that the two upper panels 8a and 8b have a different
scaling on the x-axis than panels 7a and 7b as they only focus
on the part of the evolution during which the radius substan-
tially increases (the part relevant for mass transfer interactions).
The decrease of Ebind around the time 4.54 Myr in panel 8b is
initiated by a contraction of the inner parts of the star after the
end of MS and the associated expansion of the outer layers (be-
fore the outer envelope becomes convective), as also seen at the
very beginning of Ebind evolution in panel 7b for the Z = 0.1 Z
giant. During the development of an outer convective envelope
( fconv ≈ 0.6) the binding energy decreases by less than a factor
of 2.
The bottom three panels in Fig. 8 illustrate the essential
difference in the structure of a convective HG star compared
to a more evolved convective giant from Fig. 7. As the outer
convective zone extends deeper and deeper inside the envelope
(panel 8c), the outer layers of the star expand to larger radial
coordinates, while the inner part of the star slightly contracts.
This is a similar behavior to the one in panel 7c. However, in the
case of the HG giant in panel 8c, the divergence point between
the contracting and the expanding part of the star is no longer
located very close to the helium-core boundary at a mass coor-
dinate ≈ 23 M (where XHe ≈ 1) but it appears higher up inside
the star at ≈ 26 M. We find that such a different location of the
divergence point in HG giants is associated with a distinctively
different internal abundance profile, see panel 8d. The composi-
tion jump near the helium core where XHe ≈ 1 is smaller than
the one in panel 7d: the helium abundance drops only down to
XHe ≈ 0.75, forms a plateau, and then starts to gradually decrease
again at a mass coordinate of about 26 M. One can notice that
the divergence point is roughly associated with the secondary
drop when XHe decreases below ∼ 0.75. Consequences of the
structural change on the binding energy distribution within the
envelope can be seen in panel 8e. The ∼ 2 − 3 M of helium-
dominated material (XHe ≈ 0.75) at the bottom of the envelope
move slightly inward inside the star, their binding energy in-
creases, which counteracts the decreasing binding energy of the
outer convective layers. As a result, the overall binding energy
of the envelope stays roughly unaffected.
We find that the example in Fig. 8 is representative for giants
that reach the convective-envelope stage during HG expansion.
The reason for the crucial difference in helium abundance pro-
files between panels 7d and 8d has to do with the size of an
intermediate convective zone (ICZ) that develops in a star on top
of the hydrogen-burning shell after the end of MS. In a core-
helium burning giant with an outer radiative envelope the ICZ is
more extended than in the case of a rapidly expanding HG giant,
see the comparison between panels 7a and 8a (also, for example,
models by Langer et al. 1985). 6 A more extended ICZ means
that more hydrogen is mixed from the H-rich envelope into the
He-rich layers above the helium core and, as a result, the com-
position jump at the core-envelope boundary is larger and the
helium abundance at the bottom of the envelope is smaller.
It is interesting to speculate about the consequences of dif-
ferent envelope structures of giants seen in Fig. 7 and Fig. 8 for
the CE evolution itself, in particular given that the location of
the divergence point in the Z = 0.4 Z model is substantially
different than that of the bifurcation point (under usual assump-
tions). We discuss this further in Sec. 4.6. The examples given
6 Another difference is that in massive stars that stay relatively com-
pact during the HG expansion the ICZ is maintained throughout the en-
tire helium-burning evolution while in HG giants reaching the red-giant
branch the ICZ disappears, see also Fig. B.1 of (Klencki et al. 2020).
in Fig. 7 and Fig. 8 show that the internal envelope structure of
a convective-envelope supergiant can be significantly depend on
the evolutionary stage of the star.
4. Discussion
4.1. How robust is the prediction that CE evolution in BH
binaries requires RSG donors?
In Sec. 3.2 we found that the parameter space for CE ejectabil-
ity in BH/NS binaries is practically limited to donors with outer
convective envelopes, i.e. cool supergiants (RSGs, see Fig. 6).
This conclusion was reached by pursuing a very optimistic case
of the energy budget, with multiple assumptions in favor of an
easier CE ejection (Sec. 2.4). In particular, we assumed that the
entire energy input from orbital shrinkage, internal energy of the
envelope, and recombination energy, as well as an energy input
from accretion can be transferred into kinetic energy and used
to help unbind the envelope. We also assumed no energy loss in
any form (i.e. αCE = 1.0), neglecting energy sinks such as radia-
tion from the surface or excess kinetic energy in outflows. These
assumptions are clearly extreme. For instance, in view of hy-
drodynamic simulations, a more realistic assumption would be
αCE . 0.7 or even αCE ∼ 0.1 during the possibly reached self-
regulated phase of the CE evolution (see Sec. 2.3 for details).
Because of our optimistic assumptions, the parameter space for
a successful CE ejection in Figs. 2 and 6 is most likely an upper
limit on the true (realistic) CE ejectability, see for e.g. Fig. 5.
There are two caveats of our method: the possible contribu-
tion of other energy sources in CE ejection (unaccounted for in
our energy budget) and lower envelope binding energies. Apart
from the energy terms considered in this work, other energy
sources have been discussed in the literature. One possible addi-
tion is the energy from nuclear burning (e.g. Ivanova & Podsiad-
lowski 2003). However, as pointed out by Ivanova et al. (2013b),
when the donor’s envelope is lifted from the core, the nuclear
energy input is most likely going to decrease with respect to ra-
diative losses from an expanding emitting area.7
Another addition to the energy budget that has been pro-
posed is an enthalpy term P/ρ (Ivanova & Chaichenets 2011).
While enthalpy is primarily responsible for energy redistribution
(rather than being a new energy source Ivanova et al. 2013b),
it leads to solutions with quasi-steady outflows from envelopes
even before their total energy becomes positive. However, this
requires the CE ejection to happen on a long thermal timescale
(e.g. after a self-regulated spiral-in phase), at which point ra-
diative losses increase significantly and our assumptions with
αCE = 1.0 are extremely optimistic (e.g. Clayton et al. 2017 find
αCE between 0.046 and 0.25).
Here, we considered energy input from accretion ∆Eacc es-
timated as Eddington luminosity of the compact accretor times
1000 yr, similarly to Voss & Tauris (2003) and Kruckow et al.
(2016). It should be noted that the accretion rate does not need
to be Eddington limited due to neutrino cooling and photon
trapping inside the accretion flow inside the CE (e.g. Houck &
Chevalier 1991; Edgar 2004; MacLeod & Ramirez-Ruiz 2015b).
While the luminosity that is radiated away and absorbed by the
surrounding envelope is still likely of the order of the Edding-
ton luminosity, the total accretion luminosity estimated as ηM˙c2
(with η ∼ 0.1) could be in some cases much higher (MacLeod
& Ramirez-Ruiz 2015a; MacLeod et al. 2017; De et al. 2019).
7 An exception could be non-degenerate accretors, e.g. low-mass MS
stars (Podsiadlowski et al. 2010).
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If the accretion is taking place through accretion disk then polar
outflows or jets could serve as a way of transferring this super-
Eddington power to the envelope, thus helping in its ejection
(Armitage & Livio 2000; Soker 2015). However, among other
uncertainties of this process, it is unclear whether a persistent
accretion disk forms around an embedded compact object. Hy-
drodynamic simulations by Murguia-Berthier et al. (2017) sug-
gest that accretion through a disk is a rare and transitory phase,
which may occur when a BH or a NS passes through zones of
partial ionization in the outer envelope layers.
Apart from the uncertainties of the CE energy budget dis-
cussed above, there are caveats associated with calculations of
envelope binding energies Ebind of massive giant donors. Firstly,
the value of Ebind can be very sensitive to the location of the
bifurcation point, i.e. the lower limit in the integral in Eqn. 3.
We discuss this further as a partial envelope ejection scenario
in Sec. 4.6. Secondly, Ebind values computed from single stel-
lar models represent the binding energy at the point of RLOF
rather then at the onset of the CE phase. In reality, before the
mass transfer rate increases sufficiently and the system becomes
dynamically unstable, a giant donor is likely going to lose a
sizeable part of its envelope as a result of pre-CE mass transfer
(MacLeod & Loeb 2020). This could mean that Ebind values rele-
vant for the CE evolution are smaller than calculated in Sec. 3.1.
On the other hand, because most of the binding energy is located
in deep envelope layers (those close to the helium core), a loss of
even 30% of mass from the outermost layers of a giant star does
not necessarily have any significant impact on the total binding
energy. Additionally, a pre-CE mass transfer from a donor that is
more massive then the accretor is going to shrink the orbital sep-
aration even before the onset of the CE phase. It seems unlikely
for these effects to have a substantial impact on CE ejectability
but further investigations are required.
In summary, unless jets play a crucial role in driving CE ejec-
tion, our model for the CE outcome and binary survival is opti-
mistic with respect to more realistic assumptions. As such, the
expectation that CE ejection in BH/NS binaries requires RSG
donors at the moment appears quite robust. A possible alterna-
tive scenario of a partial envelope ejection followed by an imme-
diate phase of stable mass transfer is suggested in Sec. 4.6.
4.2. Upper luminosity limit of RSGs: indication of a maximum
mass beyond which the CE channel does not operate?
We have shown that according to the current understanding of
the CE evolution, a CE ejection in a BH binary is only possible
if the CE phase was initiated by a convective-envelope donor.
Observationally, such donors are cool supergiants (RSGs), see
Fig. 6. Interestingly, there appears to be an upper RSG lumi-
nosity limit of log(L/L)RSG;max ≈ 5.8, which corresponds to
MZAMS ≈ 40 M, above which no RSGs are observed in the
Milky Way or several other local galaxies of different types and
compositions (see Sec. 3.3 and references therein). This leads to
the question whether stars with MZAMS & 40 M ever expand
to become RSGs with significant outer convective envelopes, or
whether the apparent limit log(L/L)RSG;max indicates a maxi-
mum donor mass of about ∼ 40 M beyond which the CE chan-
nel does not operate. Such a limit would correspond to an upper
limit on the secondary BH mass at about ∼ 20 M (mass of the
helium core of a 40 M giant) as well as imply an upper limit
on the primary BH mass at MBH;max = MRSG;max/qcrit;conv ≈ 25-
30 M for MRSG;max = 40 M and qcrit;conv = 1.5. This is in
tension with observations as about half of the BBH merger de-
tections reported to date are consistent with total binary masses
beyond 50 M (Abbott et al. 2019).
On one hand, it is possible that radial expansion of the most
massive stars is quenched due to extensive mass loss before
they reach the RSG stage (Smith 2014). This is in line with
the fact that the empirical HD limit in the upper right corner of
the HR diagram (Humphreys & Davidson 1979; Ulmer & Fitz-
patrick 1998), beyond which almost no stars are observed in the
Milky Way and in the LMC, coincides with a significant increase
in stellar winds and the occurrence of the luminous blue vari-
able phenomenon (Humphreys & Davidson 1994; Smith et al.
2011; Gräfener et al. 2012). Alternatively, the upper right cor-
ner of the HR diagram might be unpopulated because of a cur-
rently unknown process that would prevent the formation of ex-
tended superadiabatic layers and density inversions in radiation-
dominated envelopes of massive giants that evolve close to the
Eddington limit, see App. A of Klencki et al. (2020). Stellar en-
gineering solutions which effectively mimic such a process in
1-D stellar codes (motivated to some extend by numerical dif-
ficulties that occur otherwise) produce evolutionary tracks with
no RSGs above a certain luminosity limit.
On the other hand, it is also possible that stars with MZAMS &
40 M do expand to the RSG stage but their RSG lifetime is
very short (e.g. several hundred years), which is why they are
not observed. This could be due to high mass loss rates from
loosely bound and turbulent convective envelopes of RSGs and
a blueward evolution once most of the envelope is lost, as could
be obtained in stellar tracks (e.g. Chen et al. 2015). It is also
possible, especially at low metallicity (e.g. Klencki et al. 2020),
that the RSG stage is reached very late into the evolution of a
massive star, once most or all of the helium has been burned in
the core, resulting in a short RSG lifetime.
At the moment, it remains unclear whether or not stars above
MZAMS ≈ 40 M expand to the RSG stage during their evolu-
tion, especially at very low metallicity environments for which
the observations are sparse. Therefore, the CE evolution channel
could in principle produce BBH mergers with both component
masses all the way up to the pair-instability mass gap (Heger
et al. 2003). However, the observational lack of RSGs above a
certain luminosity limit is a warning sign which ultimately needs
to be addressed in detail.
4.3. Implications for population synthesis and merger rates
of compact binaries
Here we discuss the implications of our findings for the forma-
tion rate of compact binary mergers through the CE evolution
channel. Given that the parameter space for mass transfer from
convective-envelope donors is very small and limited to a narrow
range in orbital periods (see Fig. 3 in Klencki et al. 2020), one
may wonder whether it is possible for the CE evolution chan-
nel alone to explain the BBH merger rate inferred from observa-
tions, as reported by many authors in population synthesis calcu-
lations. At face value, this is not necessarily a problem because
only a small fraction of all massive binaries need to finish their
evolution as merging BBH systems in order to explain the local
merger rate (roughly 1 every 100 systems, e.g. Chruslinska et al.
2019; Neijssel et al. 2019; Giacobbo & Mapelli 2020). In prac-
tice, however, compact binary mergers in population synthesis
models originate from a much larger binary parameter space,
with many systems evolving through a CE phase initiated by
a non-convective donor (de Mink & Belczynski 2015; Klencki
et al. 2018). For instance, in a recent state-of-the-art population
synthesis model by Vigna-Gómez et al. (2020) only ∼ 20% of
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CE episodes leading to the formation of a BNS merger were ini-
tiated by a cool supergiant with an outer convective envelope (in
their dominant channel for the BNS formation).
There are two main reasons for why population synthesis
models tend to overpredict the number of systems that evolve
through and survive a CE phase. First, following the BSE code
(Hurley et al. 2002), it is customary for its successors to rely on
evolutionary type of the donor (as defined in Hurley et al. 2000),
rather then the type of its envelope, in order to choose the appro-
priate critical mass ratio or the value of ζad to determine mass
transfer stability. In some cases this has led to a serious mistake
of applying stability criteria for convective-envelope donors (i.e.
more prone to evolve through a CE phase) to all stars of the core-
helium burning type: notably in the StarTrack population synthe-
sis code (Belczynski et al. 2008; Dominik et al. 2012; Belczyn-
ski et al. 2016) as well as in the COMPAS code (Stevenson et al.
2017; Vigna-Gómez et al. 2018). Donors of the CHeB type are
especially common at subsolar metallicity environments, how-
ever, most of them have outer radiative envelopes and only those
that have expanded to the red-giant branch can be treated as
convective-envelope donors (see Fig. 3 and Sec. 3.4 of Klencki
et al. 2020). This mistake has led to an artificially increased num-
ber of CE evolution cases from CHeB donors in population syn-
thesis, especially at low metallicity and in a mass regime of BH
progenitors. Besides having an impact on the merger rates, it is
partly responsible for the significant preference for low metal-
licity in the formation of BBH mergers predicted by Belczynski
et al. (2010) as well as more recent population synthesis mod-
els.8
Secondly, the envelope binding energies of massive
radiative-envelope giants are often underestimated in population
synthesis calculations, which tend to assume λCE = 0.05 (e.g.
Dominik et al. 2012; Belczynski et al. 2016; Stevenson et al.
2017; Neijssel et al. 2019) or 0.1 (Mapelli et al. 2017; Giacobbo
et al. 2018), while much lower values of the order of ∼ 0.01
would be more appropriate for stars with MZAMS & 30 M at the
giant stage before an outer convective-envelope is formed(see
Fig. B.3 as well as Podsiadlowski et al. 2003; Loveridge et al.
2011; Wang et al. 2016; Kruckow et al. 2016). The assumption
of λCE = 0.05−0.1 is usually justified by the fits obtained by Xu
& Li (2010). However, these authors only computed models with
masses up to MZAMS = 20 M. In a later paper from the same
group, Wang et al. (2016) extended the fits to higher masses and
showed a further decrease of λCE down to ∼ 0.01 for more mas-
sive and larger giants, similar to other studies as well as in line
with the results presented here in Sec. 3.1. We note that in the
case of convective-envelope giants the binding energies can be
much smaller (reaching λCE values of ∼ 0.2− 0.3), although that
can depend very strongly on the evolutionary stage of the star
(see Sec. 3.4).
In summary, if CE evolution with a successful CE ejection
in BH/NS binaries is only possible when the mass transfer is
initiated by a convective-envelope donor then the formation of
compact binary mergers could be significantly overestimated in
population synthesis models (i.e. by a factor of a few or more),
especially at low metallicity. Additionally, it remains an open
question whether or not massive stars (& 40 M) ever expand
to become RSGs with outer convective envelopes during their
evolution (sec. 4.2). If the answer is negative then that would
further reduce the BBH merger population that could originate
from the CE evolution channel as well as indicate an upper limit
8 The low metallicity is likely favored regardless, due to weaker stellar
winds, but to a lesser extent than in most population synthesis models.
Fig. 9: Relation between the tidal synchronization timescale in a
BH-WR binary and the delay time (between the formation and
the merger) of the corresponding BBH system, after Kushnir
et al. (2016; see their Eqn. 14.). Plotted for several different mass
ratios q = MWR/MBH. Tidal interactions can efficiently spin-up
the WR star only if the synchronization timescale is shorter than
the BH-WR binary lifetime tBH−WR. The two dashed horizontal
lines mark two different values of tBH−WR: roughly the maximum
WR lifetime ∼ 3×105 yr, assumed by several authors (eg. Kush-
nir et al. 2016; Hotokezaka & Piran 2017b; Piran & Hotokezaka
2018), and a significant smaller value tBH−WR = 3×103 yr which
is more realistic in the case of the CE channel at low metallicity.
on the primary BH mass at ∼ 25-30 M and the total BBH
merger mass at about ∼ 50 M, in tension with the most mas-
sive BBH mergers detected to date (see Sec. 4.2 for details). It
is worth noting that in most population synthesis models stellar
tracks for MZAMS > 40 M do expand to reach the RSG stage,
with RSG luminosities above the observational upper limit at
log(L/L)RSG;max ≈ 5.8.
4.4. Tidal spin-up in close BH-WR binaries
In the previous sections we discussed how the formation of BBH
mergers through the CE evolution channel is most likely only
possible if the CE phase is initiated by a massive convective-
envelope donor, i.e. a cool supergiant. Interestingly, low metal-
licity models of massive stars (Z . 0.2 Z) often expand to the
convective-envelope stage very late in their evolution, during ad-
vanced burning stages after core-helium depletion, just several
thousand years away from the core-collapse (see Fig. 2 as well
as Fig. 3 in Klencki et al. 2020).
The remaining lifetime of the donor star is a strict upper limit
on the duration of the subsequent BH-WR stage, i.e. a stage
which likely follows right after the CE is ejected. Close BH-
WR binaries are speculated to be the most immediate progeni-
tors of BBH systems that merge within the Hubble time. In fact,
several examples of such systems are known and observable as
bright X-ray sources (eg. Carpano et al. 2007; Bulik et al. 2011;
Belczynski et al. 2013; Liu et al. 2013). It was proposed that
the interplay between tidal interactions (spin-up) and the wind
mass-loss (spin-down of the WR star) during the BH-WR stage
is crucial for the final WR spin value and that in systems with a
sufficiently small separation the WR star should always be criti-
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cally spinning at core-collapse (Kushnir et al. 2016). Several au-
thors predict that if some of the BBH LIGO/Virgo sources were
formed by binary evolution then tidal spin-up during the BH-WR
stage has to be responsible for a sub-population of BBH mergers
in which the secondary BH is formed with the maximum spin
(a = 1) and the effective spin χeff is positive (Hotokezaka & Pi-
ran 2017b;a; Zaldarriaga et al. 2018; Piran & Hotokezaka 2018).
The recently announced discovery of GW190412 (Abbott et al.
2020), a BBH merger with χeff = 0.17−0.59 or χeff = 0.64−0.99,
depending on the choice of the priors (Mandel & Fragos 2020),
might be the first representative of this sub-population.
However, if the duration of the BH-WR stage tBH−WR at low
metallicity is typically very short (several thousand years), as
suggested by the considerations above, then the BH-WR binary
needs to be extremely compact for any significant spin-up of
the WR star. Binary separation at the BH-WR stage can be re-
lated to the separation of the descendent BBH system, which
in turn is the main factor determining the delay time until the
BBH merges due to gravitational wave emission. Kushnir et al.
(2016) derived an approximate relation between the tidal syn-
chronization timescale of a BH-WR binary and the delay time
of a corresponding BBH system tdelay (see their Eqn. 14). In
Fig. 9 we plot this relation for several different mass ratios. We
also mark two values of tBH−WR: the approximate CHeB dura-
tion of massive stars, i.e. the maximum lifetime of a WR star,
∼ 3 × 105 yr, as assumed by several authors (eg. Kushnir et al.
2016; Hotokezaka & Piran 2017b; Piran & Hotokezaka 2018),
and a significant smaller value tBH−WR = 3×103 yr which is more
realistic in the case of CE evolution at low metallicity. Fig. 9
shows that for short BH-WR lifetimes of several thousand years
only BBH mergers with very short delay times (. 30 Myr) can
have the spin of the secondary BH affected by tidal spin-up. It is
currently unknown whether BBH mergers with delay times this
short can form in the CE evolution channel. If such systems are
non-existent or very rare then our results indicate that tidal spin-
up during the BH-WR stage is unlikely to have any significant
effect on the χeff distribution of local BBH mergers, especially
these formed at low metallicity.
4.5. CE ejection in BH-LMXB progenitors
Most of the known Galactic BHs reside in low-mass X-ray bi-
nary systems (BH-LMXBs) in which the companion is typically
a MS star with M . 1 M and the orbital period is very short
(usually < 1 day) (Casares & Jonker 2014; Tetarenko et al.
2016). The formation of such systems has been a long-standing
puzzle. Given the extreme mass ratio and small separation of
BH-LMXBs, their progenitors have most likely evolved through
a CE phase. However, it was argued by several authors on the
basis of energy budget considerations that a secondary of only
. 1.5 M would not be able to provide enough energy to un-
bind the envelope of a massive BH progenitor (Portegies Zwart
et al. 1997; Kalogera 1999; Podsiadlowski et al. 2003; Justham
et al. 2006; Yungelson & Lasota 2008, although see Yungelson
et al. 2006). This led to a conjecture of an extremely high CE
efficiency, i.e. a possibility of αCE larger than 1 (even as high as
a few tens in the case of BH-LMXBs). This apparent violation
of energy conservation could be interpreted as some unknown
mechanism, unaccounted for in the standard energy budget (e.g.
Podsiadlowski et al. 2010). The assumption of αCE larger than 1
has made its way also to population synthesis models of compact
binary mergers (e.g. Giacobbo & Mapelli 2018).
Interestingly, the binding energies of convective-envelope
supergiants at advanced evolutionary stages (Fig. 1) described
in detail in Sec. 3.4 are low enough to allow for a CE ejection
even in the case of low-mass secondaries, without the need for
αCE > 1. Fig. 10, similar to Fig. 2, shows CE ejectability in bina-
ries with massive CE donors (MZAMS = 10−40 M) in which the
companion is a 1.0 M star, i.e. potential BH-LMXB progenitors
(depending on the minimum mass required for the formation of a
BH). Post-CE separations apost−CE, color-coded in the figure, fol-
low from the energy budget described in Sec. 2.3 without the en-
ergy term from accretion (due to stellar nature of the secondary).
Separations within apost−CE ≈ 4− 10 R agree well with the esti-
mated separations of short-period BH-LMXB progenitors at the
moment of the BH formation (Kalogera 1999; Repetto & Nele-
mans 2015). Note that at solar metallicity (the left panel) the
decrease in envelope binding energy of convective-envelope gi-
ants is quenched for masses MZAMS & 20 M due to mass loss
in our models (see also Podsiadlowski et al. 2003; and Fig. 1).
If MZAMS ≈ 20 M is the minimum mass required for the for-
mation of a BH then none of the survivors in the left panel of
Fig. 10 could be progenitors of BH-LMXBs. However, at the
lower metallicity of Z = 0.4 Z = 0.0068 the range of sur-
vivors extends to MZAMS = 25 M (the right panel). Given that
the average metallicity of the Milky Way stars is subsolar (e.g.
Z = 0.0088 with the assumptions taken by Brott et al. 2011),
Fig. 10 suggests that at least some of the Galactic BH-LMXBs
could be formed through CE evolution without αCE exceeding
1. Even more so, as pointed out by Yungelson et al. (2006),
because mass-loss rates from massive stars are uncertain, it is
possible that for a different set of mass-loss assumptions the
range of CE survivors at the Solar metallicity would extend to
MZAMS > 20 M as well.
A separate question is whether the parameter space for CE
ejection in Fig. 10 is large enough to produce the entire Galactic
population of BH-LMXBs, something that population synthe-
sis models have been struggling with (e.g. Wiktorowicz et al.
2014). Notably other formation channels for BH-LMXBs have
also been suggested, for example intermediate-mass X-ray bi-
naries with magnetic donors (Justham et al. 2006), formation in
hierarchical triples (Naoz et al. 2016), or dynamical formation
through tidal capture in the field (Michaely & Perets 2016).
4.6. Alternative scenario: partial envelope ejection followed
by stable mass transfer
It is well-known that binding energy of a giant star is very sen-
sitive to the exact location of bifurcation point in its envelope,
i.e. the lower limit in integral for Ebind in Eqn. 3 (Dewi & Tau-
ris 2000; Tauris & Dewi 2001; Ivanova 2011a; Kruckow et al.
2016). This is because most of the binding energy is stored is
deep envelope layers, close to the helium core (see Fig. 7e and
Fig. 8e as well as Fig. 3 in Kruckow et al. 2016). As a result,
moving the bifurcation point upwards by even a few percent of
the total mass of a giant may reduce the envelope binding en-
ergy by an order of magnitude or even more. Here, following
Ivanova (2011a), the bifurcation point is assumed to be the max-
imum compression point Mcp within the H-burning shell (i.e. a
local maximum of P/ρ), which in massive evolved stars corre-
sponds very well to the point of steep composition gradient at
the hydrogen abundance XH ∼ 0.05 − 0.15. This is a standard
bifurcation point assumption across the recent literature (Xu &
Li 2010; Loveridge et al. 2011; Wang et al. 2016; Kruckow et al.
2016).
Interestingly, in the envelope structure of a ∼ 35 M
convective-giant at Z = 0.4 Z in Fig. 8 (originally MZAMS =
47.5 M) layers above the bifurcation point, located at Mcp ≈
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Fig. 10: CE ejectability in binaries with a massive donor
(MZAMS = 10 − 40 M) and a low-mass secondary of 1.0 M,
shown for two metallicites that are the most relevant for the
Milky Way. Notation same as in Fig. 2, except that the Y-axis
shows orbital period instead of the donor radius and the color in-
dicates the post-CE orbital separation apost−CE estimated from the
energy budget (Sec. 2.3) without the accretion term ∆Eacc. Sep-
arations apost−CE ≈ 4 − 10 R are in line with the formation of
the observed population of short-period BH-LMXBs (Kalogera
1999; Repetto & Nelemans 2015).
23 M, are still compressed at very compact radial coordinates
R < 5 R, see Fig. 8c. These layers are helium-rich (XHe ≈ 0.75)
and extend out to mass coordinate M ≈ 26 M at which point
a steep density and composition gradient separates them from
the loosely bound outer convective zone. As the model evolves
from yellow to red profiles in Fig. 8c, when a significant amount
of mass (∼ 10 M) is being lost in winds and the envelope be-
comes increasingly convective, the entire inner part of the star
out to M ≈ 26 M contracts slightly while the layers above are
expanding. We find that such an envelope structure is character-
istic of massive giants that become convective as a result of a
rapid expansion during the HG phase. It is distinctively different
from the structure of low-mass red giants or massive giants that
develop outer convective zones at a more advanced evolutionary
stage (e.g. Fig. 7), in which the convective zone can extend deep
down close to the helium core and the maximum compression
point is also a clear divergence point between the expanding and
contracting parts of the star.
Given the compact size of layers above the helium core in
the model from Fig. 8, it is possible to imagine a partial en-
velope ejection in which only the extended and loosely bound
outer part of the envelop is ejected during the CE phase (at mass
coordinates > 26 M). This would imply a bifurcation point lo-
cated ∼ 3 M above the standard core-envelope boundary and a
much lower envelope binding energy. For such a partial envelope
ejection during a CE inspiral to be possible one likely requires
the helium-rich layers at the bottom of the envelope to remain
compact during mass loss from the outer envelope layers taking
place on the short CE timescale. Whether or not that it is likely to
happen needs to be confirmed with detailed stellar models. The
first step has recently been carried out by Fragos et al. (2019),
who in their hydrodynamic 1-D model of a NS inspiral inside
the envelope of a 12 M giant found evidence for a CE ejection
at a point when some of the envelope layers (∼ 0.3−0.5 M with
XHe ≈ 0.7 ) still remain on top of the helium core.
A separate but important question is what would happen with
the system right after such a CE phase. One possibility is that
the partially-stripped donor star would re-expand again on the
thermal timescale (∼ 100 − 1000 yr) leading to RLOF and an-
other phase of mass transfer, as also discussed by Kruckow et al.
(2016). Such a behaviour was found already by Ivanova (2011a)
in models of stripped giants with remaining masses above the
maximum compression point. Interestingly, Quast et al. (2019)
have recently shown that mass transfer from a massive giant that
has been stripped down to its deep helium-enriched layers could
be stable for significantly unequal mass ratios and proceed on a
long nuclear timescale of core-helium burning (∼ 105 yr) with a
super-Eddington mass transfer rate. Taken together, these results
support the idea of an alternative scenario to the classical evolu-
tion through a CE phase: a scenario in which a partial envelope
ejection during the CE phase is followed by a long-lasting phase
of stable mass transfer from a helium-enriched star, likely a blue
supergiant, during which the system appears as a ULX.
It should be noted that the high mass transfer stability in
models by Quast et al. (2019) was obtained only if the giant was
to lose most but not exactly all of its envelope during the CE
phase (& 90% in mass), at which point the helium-rich layers
close to the helium core would be brought to the surface. At a
first glance, this suggests that a certain level of fine-tuning is re-
quired. On the other hand, Quast et al. (2019) only explored syn-
thetic models with simple internal abundance profiles. In real su-
pergiants, depending on the size of intermediate convective zone
above the H-burning shell during the previous evolution, helium-
rich layers (XHe ∼ 0.5 − 0.7) might extend to layers located sig-
nificantly higher up inside the envelope (e.g. Figs 7d and 8d).
Such a structure could possibly support stable mass transfer evo-
lution also when a different, smaller part of the H-rich envelope
is ejected in the CE phase, especially at lower metallicity where
stripped stars are relatively more compact (Götberg et al. 2018;
Klencki & Nelemans 2018; Laplace et al. 2020).
The final separation of a binary system once both a partial en-
velope ejection and a further mass transfer phase are concluded
likely depends on the mass of the compact accretor. For instance,
Fragos et al. (2019) estimated that a potential post-CE mass
transfer phase would further decrease the separation in their bi-
nary of a 1.4 M NS and a 3.2 M stripped donor by a factor
of ∼ 1.5. This, combined with the orbital shrinkage during the
CE phase, can be translated into a single effective αCE value. In
the case of the system computed by Fragos et al. (2019), they
estimated an effective ratio ∆Egrav/∆Eorb = αgrav ≈ 5, which
roughly translates to αCE ≈ 2, essentially indicating an easier CE
ejection and the binary survival compared to the classical picture
of CE evolution in which the entire envelope is ejected straight
away. 9 In the case of more massive accretors, e.g. typical stellar
BHs, the orbital separation would likely decrease less or even
increase as a result of a more equal mass ratio during the sta-
ble mass transfer phase, thus producing intermediate rather than
short period systems. The fact that some of the recently ejected
matter from the CE phase would likely still remain in the prox-
9 Note that αCE from the notation of Fragos et al. (2019) is the same as
αgrav in ours.
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imity of the system (for example as a circumbinary disk) makes
predictions for the evolution of orbital parameters rather uncer-
tain. The alleged non-interacting BH binary system with orbital
period of ∼ 83 days and a companion ∼ 3 M star discovered by
Thompson et al. (2019) might be a product of such an evolution
if a CE phase was initiated by the BH massive progenitor.
In summary, a different location of the bifurcation point in
supergiant donors would result in lower envelope binding ener-
gies and could in principle allow for CE ejections even in the
case of non-convective donors. It would also lead to another
phase of mass transfer after the end of the CE phase. It seems un-
likely that close (merging) BBH systems could be the final prod-
uct of such an evolution but if they were then the corresponding
BBH merger rate could possibly be linked to the number density
of observed ULX sources (Inoue et al. 2016; Finke & Razzaque
2017; Klencki & Nelemans 2018; Mondal et al. 2020).
5. Conclusions
We studied what kind of binaries with BH or NS accretors
and supergiant donors could realistically be expected to evolve
through and survive a CE phase, thus making them potential
progenitors of compact binary mergers. In pursue of the most
optimistic case, we assumed an extreme version of the CE en-
ergy budget, in which all the energy sources are fully efficient
(orbital shrinkage, internal energy, recombination energy, en-
ergy from accretion), energy sinks are neglected (e.g. no en-
ergy loss in radiation), and the envelope acceleration is perfectly
fine-tuned to the local escape velocity. We computed envelope
binding energies from detailed stellar models of massive stars
(MZAMS between 10 and 80 M) at 6 different metallicities from
Z = 0.017 to 0.00017. We assumed that the CE evolution occurs
in BH/NS binaries with mass ratios q = Mdonor/Maccretor larger
than qcrit;rad = 3.5 for radiative-envelope donors and qcrit;conv =
1.5 for convective-envelope donors. This choice might be opti-
mistic in view of the recently found increased stability of mass
transfer from massive giant donors (Ge et al. 2015; Pavlovskii
et al. 2017). Our findings are summarized below.
− Envelope binding energy of a supergiant depends very
strongly not only on the envelope type (convective vs radiative)
but also on the evolutionary stage, which in turn is related to
metallicity. The binding energy can decrease very significantly
(by more then an order of magnitude) when the envelope be-
comes convective during core-helium burning or at a later evolu-
tionary stage. However, a transition from a radiative to a convec-
tive state in an envelope of a rapidly expanding HG giant does
not affect the binding energy nearly as significantly. As a result,
through its impact on the radial expansion of massive giants,
metallicity has an indirect but very strong effect on the binding
energies of convective-envelope giants and may be a crucial fac-
tor determining the fraction of systems surviving the CE phase.
In App. A we provide fits to λCE values which can be used in
population synthesis calculations.
− Survival of the CE phase in BH/NS binaries is strongly
limited to cases in which the donor star is a convective-envelope
red supergiant. This is the case even under several optimistic
assumptions working in favor of an easier CE ejection. ULXs
with RSG donors might be the immediate progenitors of such
CE events and, later on, compact binary mergers.
− If stars above ∼ 40 M never expand to the RSG stage,
as suggested by the empirical upper luminosity limit of RSGs at
log(L/L)RSG;max ≈ 5.7, then our result indicates an upper limit
on the total BBH merger mass at about ∼ 50 M and the primary
BH mass at ∼ 25-30 M. This would be in tension with the CE
channel being the origin of about half of the BBH mergers de-
tected to date.
− Merger rates of compact binaries formed through the CE
evolution might be severely overestimated in some of the re-
cent population synthesis models due to (a) extrapolation of
λCE values fitted to MZAMS ≤ 20 M models to obtain bind-
ing energies of much more massive stars (with MZAMS as high
as 100 − 150 M) and (b) a practice of treating all core-helium
burning stars as convective-envelope giants. The latter issue is
likely partially responsible for the significantly higher formation
rate of BBH mergers at low metallicity in said models.
− Lifetimes of close BH-WR systems (i.e. CE survivors)
formed at low metallicity are typically very short (several thou-
sand years), especially at Z ≤ 0.1 Z. Only those with small-
est orbital separations, producing BBH mergers with short delay
times (. 30 Myr), are likely to experience any significant tidal
spin-up of the WR star.
− Models at MZAMS .20−40 M (depending on Z) remain
RSGs at advanced evolutionary stages after the end of core-
helium burning. Their envelopes can become deeply convective,
leading to exceptionally small binding energies (λCE ∼ 1.0). For
such donors, CE ejections appears energetically possible even
for low-mass (1 M) MS accretors, making them potential pro-
genitors of BH-LMXBs without the need for αCE > 1.0.
− Envelopes of more massive stars (MZAMS & 40 M), even
if they reach the RSG stage, never become fully convective as
their Mconv/Menv ratio does not exceed ∼ 0.7. In some models
layers above the helium core remain very compact (< 5 R) all
the way up to a steep density gradient near the bottom of the con-
vective envelope, which revives the question of core-envelope
boundary in CE evolution. Eventual partial envelope ejection
during the CE phase would likely lead to another, possibly stable
and long-lasting phase of mass transfer.
− Because of its influence on the radial expansion of massive
giants, metallicity affects the degree of internal mixing in deep
envelope layers of supergiants. As a result, two RSGs similar in
terms of mass, radius, and luminosity but of different metallici-
ties can have very different chemical profiles, density structures,
and envelope binding energies. This might need to be taken into
account when constructing RSG models for an input to hydro-
dynamic simulations of the CE phase.
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Fig. A.1: Polynomial fits to CE binding energy parameter (λ)
as a function of radius shown for three example stellar models.
The dashed lines in different colors indicate different ranges in
which the fits have been made. The cyan diamond indicates the
radius at which at least 10% of the mass of the envelope becomes
convective, separating the first and the second fitted ranges. The
background lines are colored according to the convective enve-
lope mass fraction. The gray parts, where the radius was smaller
than the maximum radius reached during the previous evolution,
were not included in the fit.
Appendix A: Common envelope binding energy
parameter fits
To facilitate the use of our results for instance in population syn-
thesis studies, we provide fits to λ parameter that is commonly
used to describe the binding energy of the envelope and relate it
to the properties of the donor star in CE phase (see Eq. 4). We
fit log10 (λ) as a function of the radius of the giant donor star
log10 (R) with a third order polynomial
log10 (λ) = ailog10 (R/R)3+bilog10 (R/R)2+cilog10 (R/R)+di
(A.1)
The fit is divided in three ranges in R: coefficients with i=1
are applicable for R< R12, those with i=2 describe λ be-
tween R12 <R< R23 and those with i=3 describe λ between
R23 <R< Rmax. The fitted coefficients and ranges depend on
the stellar mass and metallicity and are given for each of the
stellar models considered in this study under this url: https:
//ftp.science.ru.nl/astro/jklencki/. The example fit
for 10, 20 and 40 M models at Z=0.2 Z is shown in Fig. A.1.
Below R12 (cyan diamond in Fig. A.1), λ decreases monotoni-
cally as a function of radius. The relation starts to bend around
R12, when the mass fraction in the convective envelope increases
(except for the highest stellar masses & 50 M at the highest
metallicities considered in this study, see Sec. 3.1). In our fits
R12 corresponds to the radius at which the effective temperature
reaches the value below which at least 10% of the outer mass
in a star becomes convective (see Fig. 6 in Klencki et al. 2020).
The third range R23 <R< Rmax was introduced to improve the
quality of the fit at the highest radii, where λ rapidly increases.
For the most massive donors the third range is not necessary (in
those cases R23 = Rmax). Only the parts where the radius of the
star increases beyond the largest radius reached during its pre-
vious evolution (relevant for the onset of the mass transfer and
common envelope) are included in the fit.
Appendix B: Additional figures
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Fig. B.1: Same as Fig. 1 but with all the masses in our grid (30 models between 10 and 80 M for each metallicity).
Fig. B.2: Same as Fig. 2 with the companion being a 2 M NS. The parameter space for CE ejections is limited to cases in which
the envelope binding energies have decreased significantly due to the donor becoming a convective-envelope giant at an advanced
evolutionary stage.
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Fig. B.3: Same as Fig. 1, but showing the evolution of λCE parameter instead of the envelope binding energy.
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